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ABSTRACT 

Russell, G.L. and Miller, J.R., 1990. Global river runoff calculated from a global atmospheric 
general circulation model. J. Hydrol., 117:241 254. 

The purpose of this paper is to show that an atmospheric general circulation model (GCM) can 
be used to calculate runoff for the world's major rivers, that river runoff provides an important 
diagnostic for climate modelers, and that  the model runoff provides useful information for hydrolo- 
gists. The global atmospheric model of Hansen et al. has been used to calculate the annual river 
runoff for the world's major rivers. The model has a horizontal resolution of 4 ° x 5 °, but the runoff 
from each grid box within a particular river's drainage basin is summed on a resolution of 2 ° × 2.5 ° 
to obtain the runoff at the river mouth. The mean annual runoff is calculated and compared with 
observations for 33 of the world's largest rivers. The runoff depends on the model's precipitation 
and parameterizations of groundwater storage and evapotranspiration, which are affected by soil 
type and vegetation. 

INTRODUCTION 

The global hydrologic cycle is one of the principal components of our climate 
system. Across the global air-sea interface there is a net flux of water out of 
the ocean because evaporation exceeds precipitation. Over land, evaporation 
is less than precipitation. The long-term global water budgets for both 
continents and oceans are balanced by the continental runoff of water back to 
the ocean. The distribution of global runoff has been discussed in several 
papers (Baumgartner and Reichel, 1975; Korzoun et al., 1977; Milliman and 
Meade, 1983). 

Atmospheric general circulation models (GCM) have been used to simulate 
the present climate. In the past few years, global climate modelers have begun 
to examine the effects of more complex parameterizations of land-atmosphere 
biosphere interactions. The biosphere atmosphere transfer scheme (BATS) 
described in Dickinson (1984), Dickinson et al. (1986), and Wilson et al. (1987) 
and the simple biosphere (SiB) of Sellers et al. (1986) provide a model 
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framework for a more accurate representation of surface processes in GCM, 
particularly the interactions with vegetation and vegetation canopies. Such 
studies are needed if we are fully to understand the physical processes that  
affect the global hydrologic cycle. 

An important component of the Earth's hydrologic cycle is river runoff. The 
world's 20 largest rivers account for ~40% of the total continental runoff 
(Baumgartner and Reichel, 1975). The river runoff for a particular drainage 
basin depends on the precipitation and evaporation budgets within the basin 
and on the ability of the ground to store water, which depends on the soil type 
and the vegetative cover. Flow rates depend on the topography. The 
comparison of model-generated river runoff with observations provides a 
useful diagnostic for climate modelers to obtain a better understanding of the 
parameterizations which affect the hydrologic cycle in their models. 

An important reason for hydrologists to study model-generated river runoff 
is to understand and to predict future changes in river runoff that  may 
accompany global climatic changes. Since the prediction of future changes 
depends on some type of model, it is essential for hydrologists and climate 
modelers to develop the best possible surface parameterizations that  affect 
model-generated river runoff. 

The primary purpose of this paper is to demonstrate that  the calculation of 
river runoff in an atmospheric GCM provides a useful diagnostic for climate 
modelers and a useful tool for hydrologists. To accomplish this, we use the 
runoff from each grid box of the global atmospheric model of Hansen et al. 
(1983) to calculate the model-generated runoff from the world's rivers which 
have a mean annual discharge greater than 100 km3year 1 or a drainage basin 
area greater than 5 × 105km 2. The mean annual runoff for each river is 
calculated from a four-year model simulation and is compared with observa- 
tions. The effect of the model precipitation, evaporation, and groundwater 
storage on the runoff is examined. 

THE ATMOSPHERIC MODEL 

A four-year simulation with the Climate Model II of Hansen et al. (1983) was 
run with a horizontal resolution of 4 ° latitude by 5 ° longitude and nine vertical 
layers. Arakawa's B grid scheme is used for the dynamics. The source terms 
include a comprehensive radiation calculation and parameterizations of con- 
densation and surface interaction. At the surface, grid boxes are divided into 
land and ocean fractions. 

The sea surface temperature (SST) and ocean ice distribution is specified 
from monthly climatologies interpolated on a daily basis. The SST is from 
Robinson and Bauer (1982). The ocean ice distribution is from Walsh and 
Johnson (1979) in the Northern Hemisphere and Alexander and Mobley (1976) 
in the Southern Hemisphere. The land distribution and continental topography 
is from a corrected version of Gates and Nelson (1975). 

The runoff in each grid box depends on the precipitation, evaporation, and 
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water  s torage wi thin  the land por t ion  of the grid box. The mean  annua l  
d is t r ibut ion  of  prec ip i ta t ion  of the model is shown in Fig. la .  For  comparison,  
observat ions  of prec ip i ta t ion  by Shea (1986) are shown ifi Fig. lb  and a 
difference plot is shown in Fig. lc. The  evapora t ion  (k g m  2s 1) is ca lcu la ted  
as the product:  

E = f l p C V ( q ~  - qa) (1) 

where  fl is a dimensionless  efficiency fac tor  for evapora t ion  or evapotranspira-  
t ion, p (kgm a) is the surface air  density,  C is a dimensionless  drag coefficient 
t ha t  depends on stabil i ty,  V (m s- 1) is the surface wind speed, qs is the surface 
sa tu ra t ion  specific humidi ty  tha t  depends on the ground t empera tu re  and the 
surface pressure,  and qA is the surface air  specific humidi ty  at  10m above the 
surface. 

The annua l  change  in g roundwate r  s torage over  a four-year  run  is insignifi- 
can t  compared  with annua l  precipi ta t ion,  evapora t ion  and runoff.  Never the-  
less, the  cu r r en t  s tored g roundwate r  d i rec t ly  affects both  fl and the runoff.  
Each  grid box has two layers  of g roundwate r  storage.  The upper  layer  responds 
immediate ly  to evapora t ion  and prec ip i ta t ion  and the lower layer  acts as a 
seasonal  reservoir .  There  is a two-day time cons tan t  for diffusion of wate r  
be tween the two layers,  except  dur ing  the growing season when the upward  
diffusion occurs  ins tan t ly  over  vege ta ted  areas. The wate r  field capaci t ies  of 
the two layers  depend on the vege ta t ion  charac te r i s t ics  of each grid box and 
are given in Table  1 (from Hansen  et al., 1983). The choice of  vege ta t ion  types 
is described more fully in Mat thews  (1983). 

If the soil is unsa tura ted ,  runoff,  R (kgm 2 s 1) is ca lcu la ted  as: 

1 
R = -~ P W 1  (2) 

where  P (kg m-2 s - l )  is the prec ip i ta t ion  and W~ is the ra t io  of wate r  in the first 
l ayer  divided by the wate r  field capaci ty.  The fac tor  fl in eqn. (1) is equal  to W~ 
unless the ground is snow covered in which case fl = 1. For  sa tu ra ted  soil 
R = P .  

CALCULATION OF RIVER RUNOFF 

The dra inage  basins for  the r ivers  in this s tudy were defined on a hor izonta l  
reso lu t ion  of 2 ° × 2.5 ° and were ex t rac ted  from Korzoun  et al. (1977) and the 

TABLE 1 

Water field capacity (kgm -2) as a function of vegetation characteristics in Model II. 

Layer Desert Tundra Grass Shrub Woodland Deciduous Evergreen Rainforest 

1 10 30 30 30 30 30 30 200 
2 10 200 200 300 300 450 450 450 
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Fig. 1. Mean annual distribution of precipitation from (a) the atmospheric model and (b) the 
observed data of Shea (1986). The model precipitation minus the observed precipitation is given in 
(c). 
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Fig. 2. Dra inage  ba s in s  of  the  r ivers  in th i s  s tudy.  The  le t te r  located  at  the  m o u t h  of each  r iver  can  
be used to ident i fy  the  r iver  accord ing  to the  key in Table  2. The  la rges t  r iver  in each  c o n t i n e n t  
is shown  in blue, o the r  r ivers  wi th  runof f  > 200km~year  -~ are  s h o w n  in g reen  and  orange ,  and  
in ter ior  d r a inage  bas ins  are  s h o w n  in yellow. Some of the  iden t i fy ing  le t te rs  are  used  more  t h a n  
o n c e .  
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T i m e s  A t l a s  o f  t h e  W o r l d  (1967). T h e  c r i t e r i a  f o r  s e l e c t i n g  a r i v e r  w e r e  a n  

o b s e r v e d  m e a n  a n n u a l  r u n o f f  e x c e e d i n g  1 0 0 k m  ~ y e a r  -1 o r  d r a i n a g e  b a s i n  

e x c e e d i n g  5 × 10 ~ k m  ~ i n  a r e a  a c c o r d i n g  t o  t h e  l i s t  o f  r i v e r s  i n  M i l l i m a n  a n d  

M e a d e  (1983). 

T h e  r i v e r s  c o n s i d e r e d  i n  t h i s  s t u d y  a n d  t h e i r  d r a i n a g e  b a s i n  a r e a s  a r e  l i s t e d  

i n  T a b l e  2. M o d e l  a r e a s  a r e  c a l c u l a t e d  b y  s u m m i n g  t h e  a r e a s  o f  t h e  2 ° × 2.5 ° 

TABLE 2 

Model and observed drainage basin areas (101° m 2 ), annual runoff (km 3 year- 1 ), and annual precipi- 
tation (km 3 year 1) for the world's major rivers 

River Area Runoff Precipitation 

Model Obs. a Model Obs. a Model Obs. b 

A Amazon 611 615 2332 6300 12267 11639 
B Brahma-Ganges 155 148 1229 971 1874 1794 
C Columbia 69 67 303 251 754 438 
D Danube 85 81 298 206 996 596 
F Fraser 24 22 150 112 289 203 
H Hsi Chiang 45 44 400 302 942 647 
I Irrawady 40 43 769 428 1345 771 
K McKenzie 169 181 562 306 1176 654 
L Lena 231 250 544 514 1414 770 
M Mississippi 327 327 517 580 2645 2439 
N Niger 121 121 351 192 1922 1217 
O Ob 266 250 504 385 1250 1117 
P LaPlata 286 283 404 470 2941 3297 
Q Orinoco 111 99 474 1100 2173 1720 
S St. Lawrence 117 103 462 447 1206 1033 
T Tigris-Euphrates 100 105 79 46 499 396 
U Yukon 88 84 492 195 780 385 
V Mekong 82 79 712 470 1997 1126 
W Yellow 113 74 515 49 1407 547 
Y Yangtze 197 194 1304 900 3442 1976 
Z Congo 382 382 2165 1250 8829 5596 
A Amur 190 185 316 325 1369 939 
C Colorado 65 64 83 20 417 165 
F San Francisco 66 64 210 97 1155 898 
I Indus 95 97 300 238 654 521 
K Kolyma 62 64 338 71 470 162 
M Magdalena 24 24 314 237 863 380 
N Nile 282 296 586 83 3509 1915 
O Orange 104 106 123 11 972 414 
R Murray 110 106 117 22 727 596 
S Severnay Dvina 33 35 117 106 224 168 
Y Yenesei 267 258 501 560 1484 989 
Z Zambesi 126 120 253 223 1589 1275 

aFrom Milliman and Meade (1983). 
bFrom Shea (1986); accumulated over the model's drainage basin. 
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grid boxes t ha t  lie in the  app rop r i a t e  d r a inage  basins.  Observed  a reas  and 
runof f  are  f rom Mi l l iman  and Meade  (1983). 

Each  of the  GCM 4 ° x 5 ° grid boxes  over l ies  four  2 ° x 2.5°grid boxes. The  
GCM mean  annua l  runof f  f rom each grid box is d i s t r ibu ted  into the  2 ° x 2.5 ° 
land grid boxes. The  GCM mean  a n n u a l  p rec ip i t a t ion  is d i s t r ibu ted  into all 
2 ° x 2.5 ° grid boxes  regard less  of sur face  type. For  the  model da ta  in Tab le  2, 
the m e a n  annua l  runof f  or p rec ip i t a t ion  of a r ive r ' s  d r a inage  bas in  is the  
s u m m a t i o n  of the  runof f  or  p rec ip i t a t ion  f rom each 2 ° x 2.5 ° grid box wi th in  
the  basin.  Observed  p rec ip i t a t ion  (Shea, 1986) is summed  over  the  same grid 
boxes. In  the  GCM, runof f  is ca lcu la ted  but  then  d i sappears  and is not  used in 
subsequen t  ca l cu la t ions  re la ted  to the  hydro log ic  cycle. 

The  runof f  and  p rec ip i t a t ion  in Table  2 are  given in a n n u a l  wa t e r  mass  for 
each  r ive r  basin.  In  Table  3, they  are given per  uni t  area .  The  model  runof f  and  
p rec ip i t a t ion  and the  observed  p rec ip i t a t ion  f rom Table  2 are  divided by the  
model  d r a inage  area ,  whereas  the  observed  runof f  is divided by the observed  
area .  The e v a p o r a t i o n  is ca lcu la ted  as p rec ip i t a t ion  minus  runoff.  

The d r a inage  bas ins  of  the  r ivers  are  shown in Fig. 2. Whi te  a reas  are  ocean  
grid boxes  on the  2 ° x 2.5 ° resolut ion.  B lack  a reas  d ra in  to the  ocean  but  are  
not  inc luded in any  of the r ive r  bas ins  in this  study. The r ivers  wi th  the la rges t  
d i scharges  on each  con t inen t  are  shown in blue. Yel low a reas  are  in te r io r  
d r a inage  bas ins  t ha t  do not  r each  the  ocean.  The  le t te r  a t  the  m o u t h  of each  
r ive r  identifies the r ivers  accord ing  to the  key  in Table  2. Some le t ters  are  used 
more  t h a n  once. 

One p rob lem assoc ia ted  wi th  the model  grid r eso lu t ion  is t h a t  a p a r t i c u l a r  
grid box may  con ta in  only  a por t ion  of a r ive r  d r a inage  basin.  We have  
accoun ted  for this  s o m e w h a t  by dividing the  model ' s  grid boxes into four  
2 ° × 2.5 ° boxes for the  runof f  ca lcula t ions .  I f  a pa r t i cu l a r  grid box is ass igned 
to a r ive r ' s  d r a inage  basin,  all  the  con t inen ta l  runof f  in t h a t  box is ass igned to 
the r iver  flow even t h ough  the  ac tua l  d r a inage  bas in  does not  cover  the  whole  
grid box. Even  wi th  this  f iner reso lu t ion  there  are  some r ivers  for which  the 
d ra inage  bas in  does not  ex tend  far  enough  because  grid boxes closer  to the 
mou th  con ta in  too m u c h  area.  This  p rob lem is g rea t e s t  for the  smal le r  and 
n a r r o w e r  d ra inage  basins,  pa r t i cu l a r ly  in m o u n t a i n o u s  reg ions  in Asia. 

COMPARISON WITH OBSERVATIONS 

The d ra inage  bas ins  in Fig. 2 were  used to ca lcu la te  the  m e a n  annua l  r ive r  
runof f  f rom the model.  F igure  3 shows the  mean  a n n u a l  runof f  for the five 
l a rges t  r ivers  and compar i son  with  the  observed  va lues  of  Mi l l iman  and Meade  
(1983). The mode l -genera ted  runof f  f rom the Amazon  and Or inoco Rivers  in 
Sou th  Amer ica  is less t h a n  ha l f  the  observed values.  However ,  the  model  runof f  
for the  Congo is abou t  twice  the  observed  value.  The model  overpred ic t s  the  
runof f  for the  B r a h m a p u t r a - G a n g e s  and the  Yangtze  Rivers  by abou t  30%. 

A l though  the  five l a rges t  r ivers  have  observed  mean  a n n u a l  runof f  of abou t  
1000 km 3 yea r  -1, except  for the  Amazon  which  is six t imes larger ,  mos t  of  the  
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TABLE 3 

Model and observed runoff, precipitation and evaporation per unit area (m year ~) for the world's 
major rivers. 

River Runoff Precipitation Evaporation'  

Model Obs. ~ Model Obs. h Model Obs. 

A Amazon 0.38 1.02 2.01 1.90 1.62 0.88 
B Brahma Ganges 0.80 0.66 1.2l 1.16 0.42 0.50 
C Columbia 0.44 0.37 1.09 0.63 0.65 0.26 
D Danube 0.35 0.25 1.17 0.70 0.82 0,44 
F Fraser 0.64 0.51 1.23 0.86 0.59 0.35 
H Hsi Chiang 0.88 0.69 2.08 1.43 1.20 0.74 
I Irrawady 1.92 1.00 3.36 1.92 1.44 0.93 
K McKenzie 0.33 0.17 0.70 0.39 0.36 0.22 
L Lena 0.24 0.21 0.61 0.33 0.38 0.13 
M Mississippi 0.16 0.18 0.81 0.75 0.65 0.57 
N Niger 0.29 0.16 1.59 1.00 1.30 0.85 
O Ob 0.19 0.15 0.47 0.42 0.28 0.27 
P LaPlata 0.14 0.17 1.03 1.15 0.89 0.99 
Q Orinoco 0.43 1.11 1.96 1.55 1.53 0.44 
S St. Lawrence 0.40 0.43 1.03 0.88 0.64 0.45 
T Tigris Euphrates 0.08 0.04 0.50 0.39 0.42 0.35 
U Yukon 0.56 0.23 0.88 0.44 0.32 0.20 
V Mekong 0.87 0.59 2.45 1.38 1.57 0.78 
W Yellow 0.45 0.07 1.24 0.48 0.79 0.42 
Y Yangtze 0.66 0.46 1.75 1.00 1.08 0.54 
Z Congo 0.57 0.33 2.31 1.47 1.75 1.14 
A Amur 0.17 0.18 0.72 0.50 0.56 0.32 
C Colorado 0.13 0.03 0.64 0.25 0.52 0.22 
F San Francisco 0.32 0.15 1.75 1.36 1.43 1.21 
I Indus 0.32 0.25 0.69 0.55 0.37 0.30 
K Kolyma 0.55 0.11 0.76 0.26 0.22 0.15 
M Magdalena 1.28 0.99 3,52 1.55 2.24 0.56 
N Nile 0.21 0.03 1,24 0.68 1.04 0.65 
O Orange 0.12 0.01 0.93 0.40 0,82 0.39 
R Murray 0.11 0.02 0,66 0.54 0.55 0.52 
S Severnay Dvina 0.35 0.30 0,68 0.51 0.32 0.21 
Y Yenesei 0.19 0.22 0,55 0.37 0.37 0.15 
Z Zambesi 0.20 0.19 1.26 1.01 1.06 0.83 

aFrom Milliman and Meade (1983). 
bFrom Shea (1986); accumulated over the model's drainage basin. 
"Precipitation minus runoff. 

o t h e r  m a j o r  r i v e r  d r a i n a g e  b a s i n s  h a v e  m e a n  a n n u a l  r u n o f f  b e t w e e n  200 a n d  

600 k m  3 y e a r  1. F i g u r e  4 s h o w s  t h e  m o d e l  a n d  o b s e r v e d  r u n o f f  f o r  t h e s e  o t h e r  

m a j o r  r i v e r s .  T h e  m o d e l  r u n o f f  is  w i t h i n  ~ 2 0 %  o f  t h e  o b s e r v e d  r u n o f f  f o r  h a l f  

o f  t h e  16 r i v e r s  s h o w n  in  F i g .  4, a n d  w i t h i n  3 ( ~ 4 0 %  f o r  t h e  r e s t  e x c e p t  f o r  t h e  

M e k o n g ,  I r r a w a d d y  a n d  M c K e n z i e ,  w h i c h  a r e  a l l  o v e r p r e d i c t e d  b y  t h e  m o d e l .  

R u n o f f  w a s  a l s o  c a l c u l a t e d  f o r  o t h e r  r i v e r s  w i t h  r e l a t i v e l y  l a r g e  d r a i n a g e  

b a s i n s  ( a r e a s  > 5 × 105km 2) b u t  l o w e r  r u n o f f .  T h e s e  a r e  s h o w n  i n  F i g .  5. T h e  
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Fig. 3. Mean annual runoff for the world's five largest rivers. Comparison between model runoff 
and the observed runoff of Milliman and Meade (1983)• 

Fraser  River  is a lso  inc luded because  its runof f  is > 100 km 3 year  1. The model  
runof f  is overpredicted  for all of  these  rivers,  and is more  than seven  t imes  too  
large for the Ni le  and Y e l l o w  Rivers.  M a n y  of  the river bas ins  in this  figure 

have  m e a n  a n n u a l  observed prec ip i tat ion  < 0 . 5 m y e a r  1 (Table 3) and the 
model  overpredicts  the  runof f  in all of  these  basins.  The prec ip i tat ion  field over  
c o n t i n e n t s  is one  of  the major  def ic iencies  of  the model  s ince  the model  over- 
predicts  the  m e a n  annua l  prec ip i tat ion  over  c o n t i n e n t s  by ~ 25%. For  the 
runof f  c a l c u l a t i o n s  this  becomes  more  crit ical  for basins  wi th  lower  m e a n  
annua l  runof f  as s h o w n  in Fig. 5. 

A n o t h e r  problem assoc ia ted  wi th  the  model  runof f  in Fig. 5 is that  the model  
does  not  a l l ow  runoff  to evaporate  as it moves  from one  grid box to another .  
S ince  many  of  these  rivers are in dry regions ,  the neg lec t  of  this  e v a p o r a t i o n  
is l ike ly  to lead to overpredic t ion  of  the runoff.  As an example  of  water  loss  in 
the N i l e  River,  Chan and E a g l e s o n  (1980) have  s h o w n  that  ~ 60% of  the  f low 
of  the  Whi te  N i l e  disappears  in swamps  before reach ing  the j u n c t i o n  wi th  the  
Blue  Ni le  at Khar toum.  If this  were  incorporated  into  the  model ,  the  predicted 
runof f  for the Ni le  wou ld  be s igni f icant ly  reduced.  

F igure  l a  s h o w s  that  the  model  prec ip i tat ion  in nor thern  Asia is genera l ly  
low, a l t h o u g h  Fig. l c  s h o w s  that  the model  prec ip i tat ion  is s o m e w h a t  larger 
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Fig. 4. Model and observed runoff for rivers with observed mean annual runoff > 200km ~ year 1 
that are not shown in Fig. 3. Observed runoff from Milliman and Meade (1983). 

t h a n  the  observa t ions .  This  is an example  of a case where  the runof f  may  be 
modeled well  even though  the  p rec ip i t a t ion  is too large.  This  ind ica tes  t ha t  
there  is too m u c h  evapora t ion ,  pa r t ly  because  of the  p a r a m e t e r i z a t i o n  of 
g r o u n d w a t e r  s to rage  and  pa r t ly  because  of the  inf luence of vege ta t ion .  
A l though  we have  cons idered  only the  mean  a n n u a l  runoff ,  the  seasona l  
v a r i a t i o n  of bo th  p rec ip i t a t ion  and runof f  should  be examined  fu r the r  in fu ture  
studies.  

A l though  the  la rge  h igh  la t i tude  r ivers  in Asia  are  in good a g r e e m e n t  wi th  
observa t ions ,  t ha t  is not  t rue  of  the  McKenz ie  and Y u k o n  Rivers  in Nor th  
Amer ica .  The  compar i son  of the  p rec ip i t a t ion  fields in Fig. 1 shows tha t  the  
model  genera tes  too much  p rec ip i t a t ion  in these  two r ive r  bas ins  and t h a t  the 
excess model  runof f  is d i rec t ly  re la ted  to the  excess prec ip i ta t ion .  The  modeled 
runof f  and p rec ip i t a t ion  for the  Mississippi  and  St. Lawrence  Rivers  are  in 
good a g r e e m e n t  wi th  the  observed values.  

Sou th  Amer ica  has  two of the  wor ld ' s  five la rges t  r ivers  and the  model  
underp red ic t s  the runof f  for bo th  the  Amazon  and Or inoco  Rivers  by > 50%. 
Aga in  it  is useful  to examine  the  p rec ip i t a t ion  field in Fig. 1 and Tables  2 and 
3. The model  p rec ip i t a t ion  for bo th  bas ins  is ac tua l ly  too large,  which  seems to 
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Fig. 5. Model and observed runoff for other rivers with mean annual runoff > 100 km 3 year i or 
drainage basin area > 5 × 105 km 2. Observed runoff from Milliman and Meade (1983). 

be incons i s tent  with our low runoff. The problem may lie in the parameteriza- 
t ion of evapotranspirat ion or in the parameterizat ion of groundwater  storage.  

Abramopoulos  et al. (1988) have  developed a new hydrology  scheme to use 
in GCM to better model  evapotranspirat ion and soil water movement .  
D ick inson  and Henderson-Sel lers  (1988) and Henderson-Sel lers  et al. (1988) 
have  shown the importance of us ing improved parameterizat ions  of  microme- 
teorological  processes in the forest canopy  for a better s imulat ion of the 
hydrologic  cycle  in tropical rainforests.  

If the groundwater  storage capacity is too  large, water will  remain in the 
grid box to evaporate  back into the atmosphere rather than leave the grid box 
as runoff. If the capacity  were reduced, the model's runoff  in the Amazon basin 
might improve. This could produce increased runoff  and also reduce the 
amount  of water that  evaporates  from the ground to be recycled as precipita- 
t ion. Delworth  and Manabe  (1988) have  discussed the s ignif icance of soil  
wetness  parameterizat ions,  potent ia l  evaporat ion and precipitat ion on the 
hydrologic  balance  and runoff  in atmospheric  models. 

In southeast  Asia, the model's h igh runoff  in the Mekong,  Yangtze  and 
Irrawaddy Rivers is primarily owing  to the model's excess rainfall  as shown in 
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Fig. lc. The same high runoff and precipitation occur in the model for the 
Congo and Niger Rivers. These results are generally consistent with our expec- 
tations that  overprediction of runoff will occur in regions where the precipita- 
tion is overpredicted. However, there are also regions, notably the Amazon and 
Orinoco Rivers, where the runoff is much too low even though the precipitation 
is too large. It is essential that  the model includes a good parameterization of 
the groundwater storage and evapotranspiration. 

D I S C U S S I O N  A N D  S U M M A R Y  

River runoff is an important component of the global hydrologic cycle. It 
depends on the precipitation, evaporation and groundwater storage within the 
river basin. We have shown that  global atmospheric models can be used to 
calculate the mean annual river runoff for the world's largest rivers. For about 
half of the rivers with runoff > 200km3/year 1, the model runoff is within 

20% of the observed value. We will briefly discuss some of the limitations of 
the present model in predicting river runoff. 

The comparison of model river runoff whith observations is a good 
diagnostic for atmospheric models. Since the ratio of observed precipitation to 
observed river runoff varies from ~ 1.5 to 40, there is considerable variat ion in 
the amount of evaporation from different regions of the Earth 's  land surface. 
Because of this variability, it is difficult for a climate model to simulate river 
runoff accurately. In some cases, model river runoff may be accurate because 
of offsetting errors in precipitation and groundwater storage. 

One of the most important comparisons is the model precipitation with 
observations. Figure lc shows locations where the model precipitation is in 
best agreement with observations. By comparing the location of the river 
basins in Fig. 2 with the precipitation in Fig lc, or by using Tables 2 and 3, one 
can find the basins in which the model's precipitation is too large, although for 
some of these basins the runoff agrees with observations. This indicates the 
importance of good parameterizations of groundwater storage and evapotrans- 
piration. The runoff in the Amazon and Orinoco basins shows that  even when 
the model precipitation is too large, the runoff can be too low because there is 
too much storage of water in the ground or too much evaporation. Hence, the 
primary concerns of atmospheric modelers in predicting runoff is to obtain 
accurate surface precipitation, evapotranspiration and groundwater storage 
including the effects of soil type and vegetation. 

The grid resolution of the model can also affect the runoff. Although we did 
divide the model's 4 ° × 5 ° grid boxes into four smaller boxes to calculate the 
river runoff, whenever a part icular  2 ° × 2.5 ° grid box was assigned to a river 
drainage basin, all the runoff in that grid box was assigned to the drainage 
basin. This assumption is likely to be most critical for some of the southeast 
Asian rivers where up to three major rivers pass through the same grid box in 
the Himalayan Mountains. One way to address this problem would be to refine 
the river drainage basins even more by assigning the appropriate percentage 
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of a grid box's runoff to the river drainage basin or by using a finer resolution 
model. Because the runoff in adjacent model grid boxes can vary by an order 
of magnitude or more, the resolution can significantly affect the total runoff in 
the drainage basin. 

There are other problems with the formulation of the model's runoff. The 
calculated runoff during a time step is assumed to disappear into an infinite 
ocean. It cannot evaporate during subsequent time steps or interact with 
adjacent grid boxes. Future model development should allow for such interac- 
tions and should incorporate runoff rates that  depend on the surface 
topography. This would have a particularly large effect on monthly runoff since 
there are lags between river runoff at the mouth of a large river system and the 
precipitation near the headwaters. The seasonal variability of the model runoff 
should be compared with observations to determine whether the mean annual 
results, if predicted correctly, are the result of correctly predicting the seasonal 
variability. 

Another reason for differences between model-generated runoff and observa- 
tions is the quality of the observed data. For several rivers there is a significant 
difference between the observed runoff given by Milliman and Meade (1983) 
and that  given by Baumgartner and Reichel (1975). We used the more recent 
reference in our study. Milliman and Meade (1983) also included information 
on the quality of the data used to obtain the observed runoff in different basins. 

Overall, the model runoff agrees reasonably well with observations for 
rivers with runoff greater than 200 km 3 year 1, but the model overpredicts the 
runoff for rivers with less than 200 km 3 year '. Some of the inaccuracy occurs 
because of poor model precipitation fields, but the model's parameterizations of 
groundwater storage and evapotranspiration are also suspect. New par- 
ameterizations, including the effects of both soil type and vegetation, should be 
investigated. In addition to being a good diagnostic for atmospheric modelers, 
the runoff that  may occur during future climate change can also be studied 
with these models. 
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